Image analysis using polarizing methods allows removing the polarized light component from recorded images. This is known as polarization difference imaging (PDI
Introduction
When different objects and/or a background with similar (or even identical) luminance are presented, their recognition using standard intensity imaging systems is impossible. When reflection properties of an object and a background differ, the improvement in imaging system detectivity is possible when a light analysis method will be used. Thus, this can be understood as reflection and scattering properties versus the change of determination of the registered scene polarization. Randomly scattered light is unpolarized and the reflection surfaces produce the waves with a preferential polarization direction [1] . Analysing two images, by means of perpendicular polarizers successively, a polarized light component can be removed.
The liquid crystal, based on optical elements which can be used in a polarization image analysis, was described in Refs. [2] [3] [4] [5] . Authors have proposed, in Refs. 6 and 7, modifi− cation of the LC filter designed for PDI systems, firstly de− scribed in Ref. 2 . The LC filter, with circular−planar LC alignment and transmission characteristic, represented as an orthogonal set of functions, can be understood as a kind of an optical component for PDI. Basic theoretical assump− tions regarding this unit are presented and then an experi− mental set−up for PDI is described. The methods of polariz− ing object detection are applied and then some experimental results obtained for real objects are shown. Figure 1 shows the common LC cell structure. When the LC filter is used for PDI, the ITO layer is not necessary. The presence of this layer can be useful when additionally a standard intensity image is necessary to be acquired, the ap− plied voltage over the threshold level can remove the spe− cific polarization properties of the filter.
Circular LC filter
It is possible to classify two general configurations of the orientation layers (polyimide layers): l planar−circular, shown in Fig. 2(a) l homeotropic−circular, shown in Fig. 2(b) . In this work we have chosen the first type and thus, pla− nar circular orientation of the molecules was used in the LC filter. Glass plates with the absolute dimensions of 50×50 mm were covered with the polyimide orientation layer SE 130 (Nissan Chemical Industries, LTD). Circular rubbing was produced by placing a plate on a rotating table and next mechanical rubbing by means of Rayon rubbing cloth YA−19R (Yoshikava Chemical Co., LTD).
The wave equation for light propagation along the heli− cal axis has a solution [8] . The analysis of this solution shows that when the cell is relatively thick, it rotates the lin− early polarized light achromatically. This effect occurs when the thickness of the twisted LC layer satisfies the Mauguin condition
where Än is the liquid crystal birefringence, d is the cell thickness, and ë is the light wavelength.
In order to obtain an achromatic polarization rotator, we have fabricated the liquid crystal circular filters with the layer thickness d = 6 ìm (using a proper spacer) and the liq− uid crystal mixtures made at WUT chemical laboratories (by prof R. Dąbrowski) with the birefringence Än = 0.22.
Transmission of circular LC filter
Transmission of the twisted LC medium can be described (with Jones matrix standard) as
In Eq. (2), the matrix M denotes the LC layer properties
The twist angle in the LC layer is represented as the an− gle f(x,y), which is dependent on the position on the filter plane. The sign d in Eq. (5) denotes the phase variation in a transmitted image plane, and V is
The Dn is the birefringence of the LC layer and d is the LC layer's thickness. The Jones vectors J and J' can be de− scribed in terms of a polarizer and an analyzer angular positions
Calculated transmission of the LC filter is shown in Fig. 3 . Note, that at the image above, liquid crystal molecules are presented symbolically to imagine, e.g., two different orientation stages (twisted on the left and perpendicu− lar on the right), depending on the orientation layer configuration. These two orientation regimes are presented on perpendicular axes (x and y) when we assume the planar−circular configuration. 
Experimental set-up of PDI system with LC filter
The previously taken results, regarding PDI system sensitiv− ity [7] have proved some basic facts regarding this problem. Taking into consideration these results, we should have ful− filled the following requirements:
l to make maximum possible area of the LC filter active, it means the work area of the filter should be as large as possible thus, the large angle of view should be used (short focal length lens), l closely connected to the point above, to determine proper filter position, the further filter is placed from the object's plane, the lower sensitivity it reveals, l to set optimal aperture value, experimental results show that aperture value does not have critical influence on the system's sensitivity but the use of medium values of the aperture slightly increases the sensitivity.
l it is good to remove curiosity of the filter out of the filed of view since the image area covered with the mentioned curiosity is useless from the application point of view (observed in previous experimental work in laboratory conditions).
To meet these requirements, it was decided to use the following set−up conditions: l imaging lens with the angle of view of approx. 24°, l two positions of the LC filter, at the object plane and close to the imaging lens, this is due to the fact that when the imaging system has to be used in outside conditions, the filter cannot be placed at the object's plane, which is possible in laboratory, l aperture value was set to the middle of the lens' aperture range; due to the stepless aperture in the lens construc− tion, the absolute aperture value cannot be determined, l filter axis placed near the optical axis, from the experi− mental point of view it is reasonable to check whether the LC filter' curiosity with its sensitivity degradation causes in real world object's recognition totally impossi− ble or if these are only disturbing work properties of the system. According to the conditions mentioned above, two ex− perimental set−ups were tested. The first one, when the LC filter has to be placed at the object's plane, is prepared for laboratory use, see Fig. 5 . In this case, a field of view of the PDI system is dependent on the LC filter dimensions. The set−up prepared for outside work is shown in Fig. 6 .
In both cases, the LC filter is covered with a single linear polarizer (analyzer) and works in cooperation with electri− cally controlled LC based on a half−waveplate. This is used to achieve two−phase different images with no need for me− chanical rotation of the optical elements.
Results
The laboratory set−up was tested using a phase object illu− minated with linearly polarized light. In this condition, using a traditional imaging system, recognition of the phase object is not possible [ Fig. 7(a) ]. When PDI system is employed, the phase object can be easily detected. When two−phase differed images are acquired [Figs. 7(b) and 7(c)], a simple calculation allows to determine all edges of the areas which differ in polarization (when these areas fulfil the PDI system sensitivity conditions). The accumulation procedure of edge detection is based on a Canny−Deriche filtering for edge detection [Figs. 7(d) and 7(e)] and hysteresis thresholding for false edge elimination [9] . Edges, recognized after low and high thresholding steps as continuous, are marked as true and other ones are marked as false and thus, removed from the final resulting image. The threshold parameters are calcu− lated using Otsu and Maximum Entropy algorithms. The result of an accumulation process of the edge detection in the recorded images is shown in Fig. 7(f) . After process− ing, the image of the observed object's edges is achieved with few errors. As it is observed, some edges displayed in Fig. 7(f) were not properly removed. Some of them are presented on source images (arcs at the bottom of the im− age caused probably by unexpected reflections) and could be interpreted during the analysis as possible ob− jects. The other ones are mostly caused by incorrect image recording (exceeding the maximum dynamic range for applied imaging device).
In real world, the conditions of some experiments were performed with the use of the second set−up. In Fig. 8(a) , the intensity image of the real world scene with simple po− larizing objects (flat glass windows oriented approxi− mately on the same spatially oriented surface) is shown. If the scene is recorded and analyzed with PDI system, the 
The PDI imaging system also works on more compli− cated situations. In Fig. 9 , it can be seen the intensity image (9) and (10)], used as different colour channels produce a pseudo colour image (i.e., as red and green channels).
